Genomic clones containing sequences homologous to an esterase 6 (Es&6) cDNA clone were isolated from a library of Drosophila melanogaster DNA. Comparison of the genomic and cDNA sequences revealed that the E.st-6 gene comprises two exons, one of 1,387 bp and one of 248 bp, separated by a short intron of 5 1 bp. Further sequencing revealed the presence of a tandem duplication of the Estd gene (denoted Es&P) which also has an exon of 1,387 bp and an exon of 248 bp, separated by a short intron of 56 bp. The two genes show similarities of 64% and 60% at the DNA and protein levels, respectively. The coding regions of the genes are 197 bases apart, and presumptive 5 ' regulatory sequences of Est-P overlap at least the 3' noncoding region of Estd. Transcripts homologous to Es&P were detected in late larvae and adults of each sex, whereas Est-6 transcripts are present in all life stages but are predominant in adult males. This suggests different physiological functions for the products of the two genes. Southern and Northern blot hybridization analyses of the 20-kb region surrounding the Est-6/Est-P duplication failed to detect any other duplicated esterase genes, although this region is actively transcribed.
Introduction
Comparison of the full cDNA sequences of several esterase enzymes of diverse origin and function suggests the existence of a multigene family of serine esterases that is distinct from the functionally related serine protease multigene family (Myers et al. 1988) . The proposed serine esterase family presently contains several cholinesterases (Hall and Spierer 1986; Schumaker et al. 1986; McTiernan et al. 1987 ) and at least one carboxylesterase, EST 6, from Drosophila melanogaster (Oakeshott et al. 1987) . These enzymes share 225% similarity in their amino acid sequence, and all contain a highly conserved octapeptide surrounding an invariant serine. Biochemical analysis has shown this serine residue to be directly involved in the hydrolysis of substrates (Dayhoff et al. 1972) . The only eukaryotic esterase so far sequenced that does not lie within the serine esterase family is a human carboxylesterase, EST D. This enzyme has little functional or structural similarity either to the other esterases or to the serine proteases (Lee and Lee 1986) .
Although less direct, genetic evidence for clusters of tightly linked carboxylesterases in mammals (Hedrich and von Deimling 1987) and Drosophila (Zouros et al. 1982) is also consistent with the existence of a serine esterase multigene family. Perhaps the 10 Collet et al. best-characterized cluster involves two carboxylesterase loci in D. mujavensis and in its close relative D. buzzatii. These two loci, denoted Est-4 and Est-5 in D. mojavensis, have not been separated by genetic recombination (Zouros et al. 1982) . Limited sequence analysis of the N-terminal amino acid residues of the EST 4 and EST 5 proteins has confirmed previous biochemical analyses showing that the two proteins are closely related structurally, both to each other and to EST 6 of D. melanogaster (Pen et al. 1986 , and submitted). However, the patterns of expression of the two enzymes-and presumably their physiological functions-are qualitatively different from each other and from EST 6. EST 4 is largely confined to the cuticle of late larvae, and EST 5 is present in the hemolymph and fat body through much of the life cycle (Zouros et al. 1982) ) while EST 6 is also found in the hemolymph but is predominant in the anterior ejaculatory duct of the adult male (Sheehan et al. 1979) . Thus, the carboxylesterases in Drosophila are a model system for the study of the evolution of functional differences between members of a multigene family through the processes of gene duplication and the subsequent divergence of regulatory sequence information.
Although there is no genetic evidence for a duplication of a carboxylesterase gene in D. melanogaster, the present paper presents molecular evidence for a carboxylesterase duplication in this species which appears to be homologous to that in D. mojavensis. Sequence data are presented for a region of the genome of D. melanogaster that encompasses Est-6 and an adjacent open reading frame. This open reading frame, denoted Es&P, has essentially the same exon/intron structure as and 64% DNA sequence similarity to Est-6. However, comparisons between the 5' flanking regions of the two genes reveal substantial differences, suggesting that the two genes may be regulated differently. Consistent with this proposal, developmental Northern blot analysis indicates that Est-P is mainly transcribed in late larvae. We therefore propose that Est-6 and Est-P in D. melanugaster are homologous to the Est-4/ Est-5 duplication in D. mojavensis and, from genetic and biochemical evidence, to the Est-1 / Est-J duplication in D. buzzatii (East 1984; Knibb et al. 1987) . We further propose that Est-P, Est-4, and Est-J are homologous and relatively conserved in their regulation, while Est-6, Est-5, and Est-I are also homologous but divergent with respect to their regulation.
Material and Methods

Nucleic Acid Preparations
Genomic DNA from flies homozygous for Est-6S (Dm 145; Scott 1986)) plasmid DNA, and bacteriophage lambda DNA were prepared and analyzed by standard procedures (Maniatis et al. 1982 ) . Total cellular and poly-A+ RNA from several different life stages of the Canton-S strain, also homozygous for Est 6 ', were prepared and analyzed according to a method described by Oakeshott et al. ( 1987) .
Hybridizations
A library of Dm 145 genomic DNA was constructed by ligating a partial Sau 3A digest into h EMBL4. The library was screened with the Est-6 cDNA clone (Oakeshott et al. 1987 ) by using standard conditions (Maniatis et al. 1982) . Double-stranded DNA probes were prepared by nick-translation (Rigby et al. 1977) .
Southern blot hybridizations were performed using Zeta-probe membranes (BioRad) and the alkali transfer procedure and hybridization conditions described by Reed and Mann (1985) .
For Northern blot hybridizations, RNA was transferred to Zeta-probe membranes, prehybridized for 4 h, and hybridized overnight at 50°C in 1 X SSPE [ 0.18 M NaCl, Duplicate Esterase Genes in Drosophila 11 10 mM sodium phosphate, pH 7.0, 1 mM ethylenediaminetetraacetic acid (EDTA)] , 1% sodium dodecyl sulfate (SDS), 0.5% skim milk powder, and 60% (v/v) formamide containing 0.5 mg carrier DNA/ ml. Single-stranded RNA probes were transcribed, using either T7 or T3 RNA polymerase, from inserts cloned into the PBS M 13 + vector (Stratagene Cloning Systems). After hybridization, membranes were washed for 15 min at room temperature with 2 X SSC/O. 1% SDS and for 1 h at 68°C with 0.2 X SSC (20 x ssc = 3 M NaCl, 0.3 M Na3 citrate 2H20, pH 7.0)/ 1% SDS and then were treated for 15 min at room temperature with 1 pg RNase A/ ml in 2 X SSC and were washed with 0.2 X SSC/ 1% SDS for 30 min at 50°C.
Primer Extension and RNase Protection
RNA was isolated from individuals of the Dm145 strain. Material was ground in 0.2 M NaCl, 20 mM Tris-HCl, pH 7.5, 20 mM EDTA, 2% SDS. Proteinase-K (Sigma) was added to 250 pg/ml and incubated at 50°C for 45 min. Following two extractions with SEVAG ( phenol:chloroform:isoamyl alcohol, 25:24: 1) , nucleic acids were precipitated with ethanol. The pellet was then digested with RQ 1 DNase (Promega), extracted with SEVAG, and precipitated with ethanol. Poly-A+ RNA was isolated according to a method described by Oakeshott et al. ( 1987) .
For primer extension, 10 ' cpm of 5 '-end-labeled oligonucleotide ( 5 'GGTCAT-CTGTATCACTCGC-3') was annealed to 5 pg female or 1.5 ug male poly-A+ RNA, to the total RNA isolated from ejaculatory ducts dissected from three 3-5-day-old males, or to 50 pg yeast tRNA (Sigma) as a control. For RNase protection, singlestranded RNA probes were transcribed from both strands of the 1.3-kb BamHI fragment (bases 1193-2523). Samples ( lo5 cpm) ofprobe were annealed at 50°C or 55°C to 5 or 20 l.tg of total RNA from 3-5-day-old males. Annealing, extension with reverse transcriptase, RNase protection, and electrophoretic conditions were done according to methods described by Ausubel et al. ( 1987, pp. 4.8.1-4.8.3 ).
DNA Sequencing
Both strands of the genomic clones were sequenced using M 13mp18 and M 13mp 19 vectors (Norrander et al. 1983 ) and the dideoxy chain-termination method of Sanger et al. (1977) .
Results
Est-6 Gene Structure
'
The nucleotide sequence was determined for 4.1 kb of DNA from a genomic clone that encompasses the Est-6 gene ( fig. 1 ). The EST 6 coding region is located from base 245 to base 1930, and comparison with the cDNA sequence (Oakeshott et al. 1987) reveals that it contains a single intron of 5 1 bp, from base 1632 to base 1682. This contrasts with Drosophila acetylcholinesterase (Ace), which may have at least two introns of considerable length (Hall and Spierer 1986) .
Primer extension analysis was performed using a 20-mer oligonucleotide complementary to bases 305-324 in the Est-6 sequence ( fig. 2A) . The results suggest that has multiple transcription initiation sites between base 204 and base 2 10. The relative intensities of the bands indicate that the guanine at base 207, adenine at base 2 10, and the thymidine at base 209 are the primary start sites, with the other bases used less frequently. The CAP-site region of the Est-6 gene includes several nucleotides identified by Bucher and Trifonov ( 1986) Oakeshott et al. ( 1987) and Myers et al. ( 1988) . The inclusion of a base omitted from the cDNA sequence at position 1895 alters the amino acid sequence of the last 15 residues and shortens this to 11 residues (also see fig. 4 ).
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The sequence around position 176 ( AATAAAA) is most likely to be the TATA box of Est-6. It deviates from consensus in the first base but otherwise corresponds in position and composition to the TATA box region identified in many eukaryotic promoters (Bucher and Trifonov 1986) . A potential CCAAT box is present around base 120, and a GC box around base 152 (Maniatis et al. 1987) .
Two consensus polyadenylation signals ( AATAAA; Wickens and Stephenson 1984) are present around bases 1939 and 207 1. Use of these two sites would explain the results of Northern analysis (Oakeshott et al. 1987) showing two Est-6 transcripts, 1.68 and 1.83 kb in length. RNase protection of Est-6 cRNA confirms that both polyadenylation signals are used ( fig. 2B ). Protected bands correspond to sequences between the central BamHI site (base 1192 ) and the 5 ' end of the intron (base 1632 ) and from the 3' end of the intron to around bases 1960 and 2 100.
Duplication of an Esterase Gene
An additional open reading frame (Est-P) begins 197 bases 3' of the Est-6 termination codon and extends from base 2 124 to base 38 11 ( fig. 1) . The Est-6 and Est-P genes appear to be the result of a tandem duplication, since they include regions with 66% nucleotide similarity in the first exon and 57% similarity in the second. Est-P also appears to have an intron of 56 bp, from base 35 11 to base 3566, in the same relative position as the 5 I-bp intron of Est-6. The two introns share -50% sequence similarity. Putative splice signals (TTAAA) begin 29 and 24 nucleotides upstream of the acceptor sites of the Est-6 and Est-P introns, respectively. These sites are in the correct position and only differ from the consensus splice signal sequence in the last position ( Keller and Noon 1985 ) .
There are several possible regions 5' of the start site of Est-P that could act as regulatory elements. These regions are found both 5 ' and 3' of the stop codon of Est-6. Further experiments will be required to elucidate which if any of these regions is/ are the primary promoter elements of Est-P.
Developmental Northern blot analysis using a single-stranded RNA probe derived from a CZaI/AhaIII fragment (bases 2263-3829) specific for Est-Prevealed the presence of two transcripts ( fig. 3) . A 1.92-kb transcript was detected in late larvae, with a second, less abundant 1.25-kb transcript in late larvae and adults.
We hypothesize that the 1.92-kb mRNA is transcribed from the Est-P DNA sequence homologous to Est-6 and utilizes either the consensus polyadenylation signal (AATAAA) immediately 3' of the termination codon at base 38 17 or alternative nonconsensus polyadenylation signals further 3' around bases 3848 (AATAAT), 3856 (AATTAA), 3857 (ATTAAA), or 4038 (AATGAA). The origin of the 1.25-kb transcript is more problematical. On the basis of a search for sequences with strong similarity to the splice-site junctions in Est-6, we have identified potential donor and acceptor splice sites in addition to those used for the generation of the 1.92-kb message. Use of an alternative donor splice site at base 28 14 and the acceptor splice site at 3566 would yield a message of the appropriate size. This scheme would result in an intron of 75 1 bases being spliced from the primary transcript. This model for the production of the 1.25-kb transcript is supported by Northern analysis using a single-stranded RNA probe from the BamHI/BgZII fragment (bases 2832-3401) specific for the putative large intron. This probe detected the 1.92-kb transcript but not the 1.25-kb transcript (data not shown). However, further RNase protection experiments and analysis of cDNA clones from the two message populations will be required to confirm the origins of the two Est-P messages. 
FIG. 4.-Comparison
of the protein sequences of EST 6 and EST P. Numbers are relative to the first amino acid of the mature EST 6 protein, denoted by a pound sign (#). Regions of putative function are underlined. The first 2 1 and 19 amino acid residues of EST 6 and EST P, respectively, have properties consistent with signal peptides. The reactive wine is located at residue 188, and the Asp region implicated in proton transfer is around residue 160. Potential N-linked glycosylation sites are denoted by a plus sign ( +), and cysteines are denoted by a circled "a" (@I).
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tides (Carne and Scheele 1982; Sjostrom et al. 1987) . Tryptic peptide sequence analysis of the EST 6 protein also suggests that the first 2 1 residues of the inferred amino acid sequence are not retained in the mature protein (Oakeshott et al. 1987) .
Each inferred amino acid sequence contains four potential N-linked glycosylation sites, at residues 21, 399,435, and 485 for EST 6 and at residues 56,95,243, and 437 for EST P. Only one site, that at residue 435/437, is shared by both sequences. Most esterases studied to date have six cysteine residues Myers et al. 1988) ) and there are six conserved cysteines in both EST 6 and EST P (residues 65, 84, 240, 252, 493, and 5 14 in EST 6). Each cysteine residue in EST 6 must be involved in the formation of disulfide bridges, as there are no free thiol groups in the mature protein (Mane et al. 1983 ) .
Structural and mutational analyses of several serine proteases have revealed that the catalytic mechanism involves three key residues which take part in a charge relay system to transfer a proton to the peptide bond of the substrate. The three residueshistidine, aspartate, and the reactive serine -are noncontiguous in the primary sequence, and each is surrounded by highly conserved regions of 8-l 8 residues (Price and Stevens 1982, p. 79; Craik et al. 1987; Carter and Wells 1988) . The positions of analogous Asp-and Ser-containing regions in several esterases have been inferred by Sikarov et al. ( 1987 ) and Myers et al. ( 1988 ) . The Asp-containing dodecapeptide and the Ser-containing octapeptide are around positions 160 and 188, respectively, in the EST 6 /EST P alignment ( fig. 4) and are absolutely conserved between the two proteins. Neither Sikarov et al. ( 1987) nor Myers et al. ( 1988) were able to identify a sequence in the esterases that was unambiguously analogous to the His-containing region involved in the catalytic mechanism of the serine proteases.
If the 1.25-kb Est-P transcript arises from differential splicing as indicated above, then it would encode an open reading frame of 240 codons that terminates with a TGA codon. The resultant polypeptide would contain some of the functionally constrained regions, including the reactive serine and aspartate residues implicated in proton transfer. However, it would only contain the two potential glycosylation sites and the two cysteine residues closest to the N-terminus.
Hybridization Analysis of the Region Surrounding the Esterase Duplication
To investigate the possibility that the Est-6/ Est-P duplication is part of a larger cluster of esterase genes, similar to the two clusters of esterases in the rat (Hedrich and von Diemling 1987) , 20 kb of genomic DNA surrounding the duplication were subjected to DNA and RNA blot hybridization analyses ( fig. 5 ) .
Low-stringency (50°C rather than 65°C) Southern blot hybridization analysis (data not shown) revealed that only fragments containing the Est-6 or Est-P sequences hybridized to gel-purified Est-6 or Est-P probes (see fig. 5D ). These data suggest that the region from -5 kb upstream to -12 kb downstream of the Est-6/ Est-P duplication contains no other esterase genes as similar to Est-6 or Est-P as each is to the other.
However, this 20-kb region around the duplication is actively transcribed. Northern blot analysis revealed the presence of at least eight discrete size classes of developmentally specific poly-A+ transcripts ( fig. 5F ). The locations of the sequences hybridizing to these transcripts suggest the existence of at least six different transcriptional units. Some of these transcriptional units may correspond to two lethal complementation groups, Z(3) 69Ac and Z(3) 69Ad, or to a visible mutation, approximate (app), which have been mapped close to Est-6 at 69A l-5 (Hoogwerf et al. 1988 ). However, both the orientation of the cloned region with respect to the chromosome and its precise relationships to these genes are unknown.
Discussion
DNA sequencing has revealed the presence of another putative esterase gene (Est-P) beginning 197 bases 3' of the Est-6 termination codon. Several lines of evidence suggest that Est-P is a functional gene: ( 1) Transcripts are produced from the Est-P gene, although at life stages different from those produced from the Est-6 gene. (2) Splicing sites and mRNA processing signals appear to be intact; initiation and termination codons are present, and there are no premature termination codons. (3) Comparison of the Est-6 and Es&P coding regions reveals a substantially smaller proportion of replacement-site (282/ 1,272 = 0.22) than silent-site differences (265 / 360 = 0.74), further suggesting functional constraint against mutations affecting the products of the two genes.
The predicted EST P polypeptide derived from the 1.92-kb transcript has 60% similarity to EST 6. Greater levels of protein similarity occur around some regions that have putative function. All six cysteines implicated in disulfide bonds in EST 6
Duplicate Esterase Genes in Drosophila 25 are also found in EST P. The regions around the active-site serine (residues 186-193 ) and around the aspartate (residues 152-l 65) implicated in proton transfer during catalysis (Myers et al. 1988 ) are also conserved across the two proteins. The conservation of such regions suggests that the putative EST P polypeptide has catalytic activities similar to those of EST 6.
Although the Est-P and Est-6 coding regions show 64% similarity, this similarity does not extend to the intron (46%) or to the putative promoter and 3 ' untranslated regions, where the levels of similarity are insufficient for clear alignment. The lack of similarity over these regions may reflect either a lack of selective constraint or, particularly for the promoter regions, the different regulatory properties of the two genes.
The promoter sequences of Est-P will probably overlap the 3 ' untranslated region and possibly even the coding sequence of Est-6. For example, the putative TATA box of Est-P (around 206 1) is located upstream of the polyadenylation signal of Est-6. A similar situation may exist for alcohol dehydrogenase (A&z) and for a 3 ' duplication in Drosophila (Schaeffer and Aquadro 1987) , where the putative TATA box of the duplicated gene is 50 bp downstream of the polyadenylation signal ofAdh. Elucidation of the extent of overlap between Est-P and Est-6 and between the Est-P regulatory region and Est-6 requires further analysis. However, one implication of the evidence to date is that the 5' regulatory elements of Est-P may be under additional selective constraint if they correspond to transcribed and possibly translated regions of Est-6. In contrast, there is no such evidence for additional constraint on the Est-6 promoter, since no other transcriptional activity was detected within 1.6 kb 5 ' of the Est-6 coding region.
We suggest that the Est-6/Est-P duplication is homologous to the Est-4/Est-5 duplication of D. mojavensis (Pen et al., submitted) and to the Est-1 / Est-J duplication of D. buzzatii (East 1984) . In each case, the esterase genes involved in the duplication are on homologous chromosomes and in the same relative position to another linked esterase gene (chromosome 3 and Est-C in D. melanogaster, chromosome 2 and Est-2 in D. mojavensis and D. buzzatii; Knibb et al. 1987) . Furthermore, the N-terminal 50 amino acid residues of the mature EST 4 and EST 5 proteins display -65% similarity to EST 6 and EST P (Pen et al., submitted) . Est-P, Est-4, and Est-J all show similar developmental profiles with peak expression during late-larval stages (Zouros et al. 1982; East 1984) . However, Est-6, Est-5, and Est-I differ in temporal and spatial aspects of their expression: EST 6 is found primarily in the adult male ejaculatory duct and to a lesser extent in the hemolymph (Sheehan et al. 1979 ); EST 5 is found in high concentration in the hemolymph and fat body (Zouros et al. 1982) ; and EST 1 is found in the hemolymph throughout the insect's life cycle (East 1984) .
The conservation of developmental expression for esterases-P, -4, and -J-in comparison to the more variable expression of esterases-6, -5, and -1 -would suggest a critical function for the former. Indeed, Zouros et al. ( 1982) have localized EST 4 to the late-larval cuticle, so this function may relate to changes in the cuticle structure preparatory to pupariation. However, the greater regulatory conservation of esterases-P, -4, and -J-relative to those of esterases-6, -5, and -l-may also reflect the additional constraint placed on the regulatory sequences of the former because of their possible location within the coding sequences of the latter.
The apparent homology between the Est-6/ Est-P duplication and esterase genes found in D. mojavensis and D. buzzatii suggests that this duplication event is probably as old as the divergence of the repleta and melanogaster group. Throckmorton and others (Throckmorton 1975; Beverly and Wilson 1984; Blackman and Meselson 1986) have estimated that the split between these two groups occurred 60-80 Myr ago (Mya). On the other hand, calculations of the age of the duplication event that are based on a comparison of nucleotide substitutions between Est-P and Est-6 yield values of only 17-34 Mya, depending on the estimates of substitution rate used (Zweibel et al. 1982; Powell et al. 1986 ). However, the latter calculations are dubious because the estimates of substitution rates are derived from interspecific comparisons and do not account for phenomena such as gene conversion, which might occur between closely related genes in the same species.
Nevertheless, the present data are sufficient to indicate the promise of these duplicated carboxylesterases in Drosophila as models for the molecular analysis of longheld theories, not only about the evolution of new functions through gene duplication but also about the relative roles of regulatory and structural change in producing these new functions.
